Ocean acidification causes an accumulation of CO 2 in marine organisms and leads to shifts in acid-base parameters. Acidbase regulation in gill breathers involves a net increase of internal bicarbonate levels through transmembrane ion exchange with the surrounding water. Successful maintenance of body fluid pH depends on the functional capacity of ion-exchange mechanisms and associated energy budget. For a detailed understanding of the dependence of acid-base regulation on water parameters, we investigated the physiological responses of the shore crab Carcinus maenas to 4 weeks of ocean acidification [OA, P(CO 2 ) w = 1800 µatm], at variable water bicarbonate levels, paralleled by changes in water pH. Cardiovascular performance was determined together with extra-(pH e ) and intracellular pH (pH i ), oxygen consumption, haemolymph CO 2 parameters, and ion composition. High water P(CO 2 ) caused haemolymph P(CO 2 ) to rise, but pH e and pH i remained constant due to increased haemolymph and cellular [HCO 3 − ]. This process was effective even under reduced seawater pH and bicarbonate concentrations. While extracellular cation concentrations increased throughout, anion levels remained constant or decreased. Despite similar levels of haemolymph pH and ion concentrations under OA, metabolic rates, and haemolymph flow were significantly depressed by 40 and 30%, respectively, when OA was combined with reduced seawater [HCO 3 − ] and pH. Our findings suggest an influence of water bicarbonate levels on metabolic rates as well as on correlations between blood flow and pH e . This previously unknown phenomenon should direct attention to pathways of acid-base regulation and their potential feedback on whole-animal energy demand, in relation with changing seawater carbonate parameters.
Introduction
Unabated fossil-fuel burning and deforestation are projected to elevate atmospheric and surface ocean P(CO 2 ) to values approaching 1000 µatm by the year 2100 (Doney et al. 2009; Meinshausen et al. 2011) . The resulting ocean acidification (OA) will lead to an average drop in surface seawater pH of 0.4-0.5 units below present (Wittmann and Pörtner 2013) . OA might cause differential physiological responses of individual marine species and thereby affect their interactions at ecosystem level. With elevated water P(CO 2 ), CO 2 will reach higher levels in extra-and intracellular compartments as well, inducing a respiratory acidosis (Fabry et al. 2008) . Maintaining extracellular pH (pH e ) under elevated P(CO 2 ) e requires an increase in [HCO 3 − ] e , e.g., through (passive) non-bicarbonate buffering combined with a net increase of HCO 3 − through ion-exchange processes (e.g., Pörtner et al. 1998 for the peanut worm Sipunculus nudus and; Gutowska et al. 2010 for the squid Sepia officinalis; for Carcinus maenas and other crustaceans: Appelhans et al. 2012; Spicer et al. 2007; Truchot 1979; Whiteley 2011) . A constant pH e at elevated plasma [HCO 3 − ] helps to maintain intracellular pH (pH i ) under hypercapnia, ensuring optimal enzyme functioning. The increase in ] under increasing P(CO 2 ) is more effective in compartments with a high non-bicarbonate buffering capacity and a low control pH, such as in the intracellular space. Non-bicarbonate buffer values decline from intracellular, to extracellular to ambient compartments (Pört-ner et al. 2004) , resulting in a lower stability of pH under the same increased P(CO 2 ) in this order. Consequently, acid-base relevant ion-exchange processes between ambient water and the extracellular space are of great significance under changing water conditions with potential implications for whole-animal energy demand (see below; Pörtner et al. 2000; Whiteley 2011) .
A fall in extracellular pH is compensated for by ionexchange mechanisms, such as Cl − /HCO 3 − , Na + /H + exchange, or H + -ATPase in specialized tissues like the gills (Charmantier et al. 2009; Hu et al. 2016 ), or to a minor extent, the antennal gland (Wheatly 1985) , actively setting new steady-state values for pH e in animals subjected to OA. Therefore, a metabolic response, the availability of bicarbonate from the surrounding medium or other carbonate sources, such as the exoskeleton (Spicer et al. 2007) , may affect the degree of pH compensation and thus a species' tolerance to acid-base disturbances. Rapid establishment of a new steady state with elevated levels of [HCO 3 − ] e and small net pH changes reduces the importance of passive nonbicarbonate buffering under hypercapnia (Whiteley 2011) .
Acclimation to OA causes enhanced activity of ionexchange processes between water and apical membranes and subsequently between internal compartments. Changing contributions of branchial H + -ATPase and Na + /K + -ATPases may translate into shifts in energy turnover and energy allocation (Pane and Barry 2007; Hu et al. 2017) . Changes in the activities and capacities of these transporters are difficult to quantify, but energetic implications due to life-style and environment have been discussed with respect to a species' resilience to OA and long-term performance Pane and Barry 2007; Kreiß et al. 2015; Hu et al. 2016; Michael et al. 2016) . Accordingly, a hypercapniainduced decrease in pH e led to a reduced rate of aerobic metabolism in S. nudus (Reipschläger and Pörtner 1996) by switching from the Na + /H + exchanger to the less energy consuming Na + -dependent Cl − /HCO 3 − exchanger . Metabolic depression with oxygen consumption rates ( Ṁ O 2 ) far below standard rates (Fry 1971 ) is a way to prolong survival during transient exposure to unfavorable conditions (Guppy and Withers 1999) . However, the responses of different marine invertebrates to various degrees of OA are far from uniform: while some active groups, like squid, maintain metabolic rates at minor drops in extracellular pH (P(CO 2 ) w = 4000-6000 µatm; Gutowska et al. 2008; Gutowska et al. 2010) , swimming crabs Necora puber and Dungeness crabs Metacarcinus magister displayed reduced Ṁ O 2 at fully compensated pH e (at 33% of controls; P(CO 2 ) w = 3000 (both species) and 12,000 µatm (N. puber only); Hans et al. 2014; Small et al. 2010) . Under a less severe P(CO 2 ) w increase to 2400 µatm, blue mussels Mytilus edulis failed to maintain pH e , but increased their Ṁ O 2 (1.6-fold), possibly indicating enhanced activities of regulatory mechanisms (Thomsen and Melzner 2010; ).
The present study set out to investigate acid-base regulatory responses of an intertidal model species, the shore crab C. maenas (Linnaeus 1758 ) from the North Sea, to increased CO 2 levels causing acidified waters. C. maenas is an osmoconformer at full-strength seawater and tolerates daily and seasonal fluctuations of different environmental parameters (temperature, salinity, P(O 2 ), P(CO 2 ); Henry et al. 2012; Tepolt and Somero 2014) . Under OA, the efficiency of pH e regulation in C. maenas is higher with prolonged exposure (Truchot 1979) , but mechanistic investigations of acid-base regulation are scarce, with the exception of early studies by Truchot (1981 Truchot ( , 1984 , and associated whole-animal metabolic responses have not been studied sufficiently.
Water parameters that may influence acid-base regulation include P(CO 2 ) w , [HCO 3 − ] w and pH w . [HCO 3 − ] and thus carbonate alkalinity are the main components of total alkalinity (TA; Truchot 1984) . To investigate the influence of various parameters of the water carbonate system on acid-base and metabolic regulation, we exposed shore crabs to normocapnia and environmental hypercapnia [i.e., OA with P(CO 2 ) w = 1800 µatm] in water at control [HCO 3 − ] w compared to acidified water with [HCO 3 − ] w set to 50% of control levels. Animals were exposed to treatment conditions for 4 weeks until experimentation. Exposing crabs to 50% lower [HCO 3 − ] w , under both normocapnia and hypercapnia also allowed for assessing the influence of variable levels of water pH (through changes in water bicarbonate levels) on acid-base and metabolic regulation. Combining Ṁ O 2 measurements, in vivo 31 P-NMR spectroscopy, cardiac magnetic resonance imaging (MRI) and haemolymph ion quantification in each individual, our goal was to link metabolic rates to energy consuming processes, such as ion regulation, cardiovascular performance, and tissue energy status. Accordingly, we present effects of ocean acidification on the metabolic and cardiovascular response as well as ionand acid-base regulation of C. maenas and analyze to what extent responses are related to water bicarbonate levels.
Materials and methods

Animal collection and incubation
Carcinus maenas were collected from shrimp trawls at the back barrier tidal flats of the island of Spiekeroog (North Sea, NW Germany, 53°44′27.8″N 7°44′35.7″E, depth less than 10 m) in October 2014. Crabs were kept submerged in recirculating seawater aquaria at the Alfred Wegener Institute, Bremerhaven at the in situ temperature = 8 °C, salinity ≈ 33 until the beginning of incubation in March 2015. Animals were fed twice a week ad libitum with frozen cockles. Excess food and feces were regularly removed from the aquaria. Fresh weight (w f ) of the crabs ranged from 21 to 66 g, corresponding to a carapace width of 3-6 cm. Specimens with similar size distributions were used in all experimental groups. Mean body weight was around 35 g and not significantly different between groups. In total, 23 male, intermolt green crabs were used for experiments. Each individual was subjected to the same set of measurements.
During incubation, animals were kept submerged in 50 L seawater aquaria in a temperature controlled room (T w = 8.0−8.5 °C) and exposed to the following conditions for 4 weeks prior to any experiments (see Table 1 ): control, with ambient P(CO 2 ) w and pH w ; OA, with − ] w . Individuals were kept in cages (PVC mesh). The incubation system per group consisted of a 500 L main tank, a header tank, two aquaria, and an overflow basin (~ 790 L in total). The water of the normocapnic groups was aerated with compressed air, while OA and OA + low [HCO 3 − ] w were aerated with an air/CO 2 -mix, set by a gas-mixing device (HTK Hamburg GmbH, Germany). Seawater of the respective main tanks was exchanged once per week in every group.
Water temperature, salinity, P(CO 2 ) w, and pH w (free scale) were measured once a week in each aquarium and in supply tanks of the in vivo experiments before introducing the animals. Temperature and salinity were measured directly in the aquaria with a conductivity meter (LF197, WTW, Weilheim, Germany). P(CO 2 ) w was determined from the gas phase of the seawater with a combined carbon dioxide probe (CARBOCAP GMP343, Vaisala, Helsinki, Finland) and carbon dioxide meter (CARBOCAP GM70, Vaisala). The pH meter (pH3310, WTW) was calibrated with NIST buffers (pH 6.865 and 9.180) at the incubation temperature. Seawater pH was determined in 50 mL sub-samples covered with parafilm to minimize gas exchange. pH w was transferred to the free scale, with corrections for T w , ionic strength and a reference buffer-pH in artificial seawater (Waters and Millero 2013) , as recommended by Dickson (2010) . [HCO 3 − ] w was calculated through "CO2Sys" (v2.1, Pierrot et al. 2006) , with K 1 and K 2 from Millero (2010) , KSO 4 from Dickson (1990) , and [B] T from Uppström (1974) .
Reductions in water bicarbonate levels will always be accompanied by reductions in water pH at a given P(CO 2 ) w (see Table 1 ). Compared to control values of pH w 8.12 ± 0.04, OA induced by CO 2 led to pH w of 7.50 ± 0.03, 0.35 units lower than under normocapnia and low w . However, the lowest pH w was found under OA + low [HCO 3 − ] w (7.19 ± 0.07).
Respirometry
Metabolic rates in undisturbed, unrestrained crabs were calculated from oxygen consumption measurements ( Ṁ O 2 ) after 4 weeks of exposure to experimental conditions, following recommendations by Steffensen (1989) and DupontPrinet et al. (2010) . Briefly, individuals were placed in a respiration chamber (V chamber = 1720 mL), which in turn was submerged in a covered tank of 40 L seawater at the respective experimental conditions. Feeding was stopped at least 48 h before respirometry (McGaw and Penney 2014) . Baseline Ṁ O 2 was recorded as standard metabolic rate (SMR) and phases of spontaneous activity were identified as peaks in metabolic rate (spMR; see statistics for further details ; Brand 1990; Fry 1971; Klein Breteler 1975) . Respiration chambers were designed to be perfused by intermittent flow and the water surrounding the chambers was permanently aerated with the respective air-CO 2 -mix (see above). The oxygen content was measured as percent air saturation, once every 1−5 min with a temperature compensated fiber-optical oxymeter (FIBOX 3; PreSens, Regensburg, Germany) using software PSt3 (v7.01, PreSens). Clock timers controlled periodic activation of one flush pump per respirometer. Flushing lasted for 15 min per hour at a rate of 300 L h −1 . When closed, the re-circulation was continuously active at 490 L h −1 (Eheim aquarium pumps, Deizisau, Germany). Oxygen sensors were calibrated before each run by flowing N 2 gas at 0% O 2 and within the fully aerated closed circulation at 100% air saturation. One set of measurements lasted 48 h.
The ratio of animal volume to chamber volume was 0.01−0.05 for all crabs. Respirometers were wiped with 70% ethanol and rinsed with deionized water to reduce contamination with aerobic microorganisms after each run: blank measurements before and after any run showed declines in oxygen saturation of less than 1% h −1 over a period of 5 h, respectively.
Weight-specific oxygen consumption of crabs ( Ṁ O 2 in nmol min −1 g −1 ) was calculated from with Δc sat .·Δt −1 as the recorded change in oxygen saturation over time (percent per minute). c O 2 represents water oxygen concentration at full saturation under the given atmospheric pressure, using a O 2 (solubility coefficient; µM Torr −1 ) provided by Boutilier et al. (1984) and P wv (vapor pressure of water) by Dejours (1981) . Mean oxygen saturation changes over time were calculated in LabChart Reader (v8.0.5, ADInstruments, Oxford, UK). Each value of Ṁ O 2 represents a 45-min average.
MR imaging and spectroscopy
Individuals recovered for 1 week after Ṁ O 2 measurements and were then subjected to interlaced in vivo 31 P-NMR and MRI measurements in a horizontal 4.7 T MRI scanner with 40 cm bore (47/40 Biospec AVANCE III; Bruker BioSpin GmbH, Ettlingen, Germany). Changes in tissue cellular energy status, pH e and pH i were investigated using in vivo 31 P-NMR spectroscopy. Cardiovascular activity was investigated using self-gated cardiac MRI together with phase contrast MRI for the quantification of haemolymph flow (Bock et al. 2012) . Individuals were kept in a sealed chamber of ~ 300 mL volume, that was constantly perfused with
seawater at the respective incubation conditions similar to Bock et al. (2001a, b) . The chamber was placed under a 1 H-, 13 C-, 31 P-tunable 50-mm-diameter surface coil, centered above the animal. The animals could move their legs, but were laterally restricted by levers to keep the carapace in a permanent position, checked by three perpendicularly oriented MR overview images (pilot scans). Animals were allowed to recover from potential handling stress for at least 1 h, verified by repeated 31 P-NMR spectra (see below). Total time in the magnet was 8-16 h for each animal.
Simultaneous measurements of pH i , pH e, and energy status
Changes in pH and bioenergetics were studied by in vivo 31 P-NMR spectroscopy (Pörtner et al. 2010) . Intra-and extracellular pH were determined simultaneously. 3-Aminopropylphosphonate (3-APP) was used as an extracellular pH indicator, as shown in rats (Gillies et al. 1994) , and applied to crustaceans for the first time. Preliminary studies showed no toxic effects of 3-APP and constant signal intensity over several weeks (Kreiß 2010) . A solution of 250 mM 3-APP was prepared to represent the ionic composition of the haemolymph of C. maenas (Kreiß 2010) . The solution was injected after the respiration experiments through the articular membrane between the coxa and the basis of the third, right walking leg to a final [3-APP] of ~ 10 mM in the animal. Assuming a haemolymph volume of one-third of fresh body weight, the injected volume was always around 8% of the body volume of a crab. No buffer was added to the solution to not disturb the haemolymph buffering system. The crabs were allowed to recover from the injection for 5 days under their respective incubation conditions (Table 1) before being subjected to NMR experiments. Individual respiration measurements found no side effects of 3-APP on the metabolic rate of C. maenas.
Injection of 3-APP did not change SMR under control conditions, nor did it affect mortality or general animal behavior during the incubation (visual observation and feeding success). The 3-APP signal was clearly detectable in the spectra for several weeks with a sufficiently high peak surface area to determine pH e , indicating no dilution or degradation of the marker in C. maenas. High-resolution 31 P-NMR spectra of haemolymph samples extracted after the experiments displayed only one distinct signal peak at the chemical position of 3-APP which varied with the pH of the haemolymph sample. The peak areas changed with the 3-APP concentration injected into the crab (data not shown). It can thus be concluded that the chemical shift of 3-APP (δ 3-APP ) is indeed indicative of haemolymph pH.
For studies of intracellular pH surface, coils produce a hemispheric excitation profile in NMR spectroscopy and have the advantage that the localization is limited to this profile, which makes the assignment of NMR signals to a specific tissue easier, compared to more homogenous excitation profiles produced by volume coils. In this study, we used a surface coil of 5-cm diameter positioned dorsally above the heart. Its excitation profile covers a maximum volume of ~ 33 cm 3 with the heart in its center. While this excitation volume will be further reduced by the conductive properties of seawater (e.g., Bock et al. 2002) , it can be assumed that the high-energy phosphate signalsincluding P i -mainly identified cardiac muscle pH i , and to a lesser extent that of surrounding tissue, including gills and hepatopancreas/gonads, while the 3-APP signal originated from the haemolymph.
In vivo 31 P-NMR spectra were collected as described for marine organisms by Bock et al. (2002) (parameters: TR: 1400 ms; pulse bp32, 200 µs; flip angle: 60°; 400-1600 averages) and processed with Topspin 3.0 (Bruker BioSpin GmbH, Rheinstetten, Germany) using a software routine (CTjava, AWI, R. Wittig, personal communication):
31 P-NMR signals of P i , 3-APP and phospho-l-arginine (PLA) were picked automatically and fitted to a Lorentz distribution through a least-square method (mdcon, Bruker BioSpin, Rheinstetten), briefly described by Bock et al. (2001b) . The parameters of the respective Lorentz distributions were used to calculate the chemical shift (δ PLA = 0 ppm), from which pH values were then calculated according to Kreiß (2010) , applying constants derived at 10 °C. For P i : pK a = 6.79; δ min = 4.24 ppm; δ max = 6.59 ppm (modified after Zange et al. 1990 ). For 3-APP: pK a = 7.11; δ min = 24.1275 ppm; δ max = 27.6275 ppm (after Gillies et al. 1994 ). The equations are as follows:
In addition to the calculation of pH, the PLA/P i ratio, an index of cellular energy status, was calculated from peak surface areas of PLA and P i (cf. Gutowska et al. 2010; Sokolova et al. 2000) . While pH i and pH e remained at their respective control levels under all applied experimental treatments, changes of pH i and pH e were observed after short periods of hypoxia in a separate experiment (data not shown), confirming the applicability of this technique to observe pH fluctuations. Values of pH i (averaging heart muscle, gills, and hepatopancreas/gonads) and pH e are given as means of at least 10 consecutively acquired 31 P-NMR spectra per animal (maximum: 50 spectra), excluding the first hour of measurement after the animals were placed in the magnet.
(2) pH e = pK a 3-APP − log
Determination of cardiovascular performance
Alternating with spectroscopy, cardiovascular performance was determined using flow-weighted MRI as described by Bock et al. (2001a, see below) and a self-gated cardiac cine MRI sequence to determine heart rate and heart function (Bock et al. 2012; Bohning et al. 1990 , IntraGate©, Bruker BioSpin GmbH, Ettlingen; method: IntraGateFLASH; TR: 8.0 ms; TE: 3.051 ms; 128 averages; flip angle: 45°; attenuation: 13.6 dB; matrix size: 256 × 256; FOV: 6 × 6 cm 2 ). The slice position was based on anatomical imaging, namely, packages of horizontal slices from fast spin-echo MRI using RARE (rapid acquisition with relaxation enhancement; TR: 3 s; TE: 69.6 ms; 2 averages; flip angle: 180°; matrix size 256 × 256; FOV: 6 × 6 cm 2 ). From each 2-min scan, a 20-s period with periodic raw signals was selected, the signal peaks were counted, and heart rate was calculated in beats per minute (bpm).
Blood flow was quantified in the arteria sternalis from coronal cross sections using phase-contrast, flow-weighted MRI. This technique quantifies the velocity of moving hydrogen atoms (usually from water/blood) under directed flow conditions (Pope and Yao 1993, method (McGaw et al. 1994) . The rhythmic flow in the arteria sternalis was used for quantification of the heart rate within IntraGate when a direct visualization of heart contractions failed. Through integrated macros in the software Paravision 5.1 (Bruker BioSpin GmbH, Ettlingen), a region of interest was manually fitted to the artery and the included phase information was transformed into flow velocity.
Cardiac and blood-flow MR imaging were conducted in blocks together with 31 P-NMR spectroscopy, resulting in a scan time of 15 min per block. Blocks were repeated over the entire experimental time course for each individual (8-16 h). At least three values (from three separate scans) were analyzed for heart-and flow rate evenly distributed over the entire time course to account for potential inter-individual variations.
Anatomical and flow-weighted MR images resulted in a similar quality as reported previously for bigger decapod crustaceans (Fernández et al. 2000; Bock et al. 2001a ). Selfgated cardiac cine MRI yielded similar heart rates as shown recently for Cancer pagurus (Bock et al. 2012) . Heart rates under control conditions were comparable to those reported for similar-sized crabs and similar T w , determined using Doppler sensors (Frederich and Pörtner 2000; Walther et al. 2009; Wittmann 2010) . In addition, by use of phase-contrast MRI, blood-flow rates in the arteria sternalis of C. maenas were well in accordance with literature data (Belman 1975 ).
Analysis of haemolymph
After at least 5 days of recovery from the in vivo experiments, haemolymph samples were removed with an ice-cold syringe from the base of one of the walking legs that was not previously used for injections. If possible, two 200-µL sub-samples were taken from the total haemolymph sample (≤ 500 µL), extracted with a gas-tight glass syringe and injected into two septum-sealed glass flasks, containing 3-mL 0.1 M HCl each. Flasks were used for duplicate measurement of total CO 2 concentration [c(CO 2 )] through gas-phase chromatography (G6890N, Agilent Technologies, Santa Clara, USA), with readings < 5% different between duplicates. The remaining volume (~ 100 µL) was transferred to 0.5-mL Eppendorf tubes and stored at − 20 °C for the analysis of ion composition (see below).
Standards were established by dilutions of a CO 2 solution (1-g CO 2 /L, Reagecon, Shannon, Ireland) and measured in duplicates. Blanks, accounting for the residual CO 2 in the air and HCl, were measured in duplicate through the addition of 200-µL milliQ water. The area of the respective peak represented the sample c(CO 2 ) e . P(CO 2 ) e and [HCO 3 − ] e were calculated according to Heisler (1986) and Pörtner et al. (1990) using values of CO 2 solubility coefficient α and apparent first dissociation constant pK a ′′′ calculated after Heisler (1986) :
To estimate which ion-exchange processes are associated with acid-base regulation under the different acidified conditions, we analyzed the concentrations of Na + , K + , Mg 2+ , Ca 2+ , and Cl − through ion chromatography (ICS1500 for cations and ICS2000 for anions, Dionex, Sunnyvale, USA) in the remaining haemolymph as described by Wittmann (2010) . A conductivity cell and a self-regenerating suppressor at 32 mA were used to reduce background noise. Cations were separated on an IonPac CS16 (Dionex, Sunnyvale) column with 30-mM methane-sulphonic acid as an eluent. An IonPac CG16 column was used as a guard to pre-filter the sample solution and to avoid overloading of the actual analytical column. The flow rate was 0.36 mL min −1 at a temperature of 40 °C. Combined Six Cation Standard-II (Dionex) was used to quantify the concentration in mM. Haemolymph samples were measured after 1:300 dilution with milliQ water. Anions were measured after 1:2100 dilution, using the diluted samples prepared for cation analyses. The reference standard was Combined Five Anion Standard (Dionex). Anions were separated on an AS11-HC analytical column, with an IonPac AG-11 as guard column. The suppressor current intensity for anions was 23 mA. 30-mM KOH was used as eluent, at a flow rate of 0.30 mL min −1 . The column-and cell temperature was 30 °C. All samples were randomly measured.
Statistics and data analysis
The 15% percentiles were derived from the recordings of Ṁ O 2 . The mean of the lowest 15% of values was assumed to represent SMR, while the mean of the highest 15% was defined as spMR during phases of spontaneous activity. This way, biological variability is accounted for (DupontPrinet et al. 2010) . Outliers are defined as those values smaller (for SMR) or larger (for spMR) than the mean of the 15% percentiles ± two times the standard deviation. Consequently, we calculated (absolute) spontaneous aerobic scope as spMR-SMR and factorial spontaneous scope as spMR·SMR −1 (Clark et al. 2013 ). All data per incubation group were checked for normal distribution (Shapiro-Wilk test) and equal variance (Levene's test). Outliers within groups were identified through Grubb's test at α = 0.05. The number of animals n is given in all tables and figures. ANOVA with Student-Newman-Keuls post-hoc test at α = 0.05 identified statistically significant differences between groups. Non-parametric tests (Kruskal-Wallis ANOVA on ranks with Dunn's post-hoc test) were used in case of non-normal distribution or nonequal variance. Correlation among physiological parameters of all experimental animals was assessed through Spearman's rank correlation coefficient (α = 0.05). All results are given as group mean ± standard deviation. All statistical analyses were conducted with SigmaPlot 12.0 (Systat Software, 2010).
Results
Incubation and water parameters
P(CO 2 ) w and pH w were set according to experimental conditions and, together with unchanged salinity and T w , were kept more or less constant during experimentation (Table 1) . A transient depression of pH w from 8.13 to 8.02 and [HCO 3 − ] w from 2.2 to 1.6 mM was found in the control group 2 weeks after the NMR experiments and 4 weeks before haemolymph sampling, for unknown reasons. This depression was reversed within 1 week through a double exchange of water and assumed to remain without consequences for later results. Significant differences in P(CO 2 ) w were found between normocapnic groups and OA groups, as well as in [HCO 3 − ] w and DIC for groups with control and low water bicarbonate levels. Total alkalinity was higher under control [HCO 3 − ] w , compared to low [HCO 3 − ] w , by more than 1.2 mM. TA in the control group was also higher than under OA, by about 0.2 mM. All treatments showed significantly different water pH values. While temperatures were slightly but significantly different between groups, mean values differed only by up to 0.2 °C over the entire incubation time. One out of eight animals died in each normocapnic and two out of seven animals in each hypercapnic group. Grubb's test revealed one outlier under control and OA conditions.
Metabolic rates
Continuous 48 h recordings of rates of oxygen consumption usually showed phases of relatively low values, interrupted by periods of spontaneous activity, and exemplified for one animal from the control group in Fig. 1 Data points represent the mean decline of saturation for 1 h, derived from an animal under control conditions. Mean SMR, representing mean of lowest 15%; mean spMR, representing mean of highest 15% of all data points, excluding the first hour. The arrow thus marks the beginning of the analysis Accordingly, animals under OA + low [HCO 3 − ] w showed the smallest spontaneous net aerobic scope, which was significantly reduced compared to all other groups (Fig. 2b) . However, factorial spontaneous aerobic scopes were not significantly different between experimental groups (Fig. 2b ) in line with a reduced SMR at low [HCO 3 − ] w . Figure 3a -c shows an example of coronal MRI scans, selected for blood-flow and heart-rate determinations. The animal is oriented with its mouth (anterior) to the left. The arteria sternalis is visible in the center of the image and was easily identifiable in all animals (arrow). Gill chambers and the ventilatory water movements therein are visible laterally on both sides of the animal (top and bottom of Fig. 3a-c ). Blood flow, quantified from phase-contrast MR images of different vessels, was in the range of < 1-5 cm s −1 depending on vessel location and size. Mean heart rate was found to be constant at about 48 bpm under all conditions (Fig. 3d ) and blood flow under OA was not significantly different from that under control conditions. However, blood-flow rates at both low ] w and at OA + low [HCO 3 − ] w were significantly lower than under OA alone (Fig. 3e , as exemplified in Fig. 3c) 
Cardiac performance
Tissue and haemolymph acid-base parameters
Figure 4a presents a typical in vivo 31 P-NMR spectrum, with the major phosphorus compounds of the animal, such as the three signals of ATP (γ-, α-, and β-ATP), phospho-l-arginine (PLA, taken as internal standard), free inorganic phosphate (P i ) and aminoethyl-phosphonic acid (AEP), a natural compound exclusively found in male crabs (Kleps et al. 2007 ). In addition, the signal of injected 3-APP was visible around 25 ppm and confirmed to show no interference or overlap with endogenous phosphorous compounds. Mean pH i or pH e values were similar in all groups (Fig. 4b) : pH i -determined from the P i signal-was found to be close to 7.20 ± 0.08 throughout. pH e -calculated from the position of the 3-APP signal-was 7.86 ± 0.06 in the control group and close to 7.79 ± 0.09 under OA + low [HCO 3 − ] w . The concentration of PLA in relation with P i (approximated from signal peak areas) was elevated under OA + low [HCO 3 − ] w , but the increase was only significant compared to control conditions (Fig. 4c) . All experimental animals displayed stable pH e and pH i values during the entire period of the NMR experiments. Figure 5 shows the interdependent levels of [HCO 3 − ] e , P(CO 2 ) e, and pH e in a pH-bicarbonate diagram of the haemolymph of C. maenas. A P(CO 2 ) e of 0.38 ± 0.09 kPa was found under control conditions, and similar to low [HCO 3 − ] w under normocapnia. High water P(CO 2 ) led to a significant increase in P(CO 2 ) e and [HCO 3 − ] e at unchanged pH e , compared to the normocapnic groups. Under hypercapnic incubation, P(CO 2 ) e nearly doubled to 0.68 ± 0.20 kPa (OA) and 0.65 ± 0.25 kPa (OA + low [HCO 3 − ] w ). A 50% increase was found for [HCO 3 − ] e . Conversely, reductions in seawater bicarbonate concentrations only led to minor, insignificant declines in the respective haemolymph concentrations under either hyper-or normocapnic incubations. Note that the values for groups OA and OA + low [HCO 3 − ] w are elevated above the non-bicarbonate buffer line in the pH-bicarbonate diagram, indicating compensation of the acidosis by a net increase of [HCO 3 − ] (Fig. 5) . 
Ion composition of the haemolymph
An increase of cations above control levels was found in all experimental groups, and the highest concentrations were seen under OA + low [HCO 3 − ] w ( 
Correlation of acid-base and functional parameters
Comparing individuals from all treatments, there was a significant positive correlation between spMR and SMR ( Fig. 6a) , as suggested by a constant factorial scope (Fig. 2b) . However, only the spMR was also significantly correlated with blood-flow rates in the arteria sternalis, while the SMR was not (Fig. 6b, c) . Furthermore, [HCO 3 − ] e showed a significant, positive correlation with blood-flow rates (Fig. 6f) .
Under control [HCO 3 − ] w , increased pH e values were correlated with reduced SMR, spMR, and blood flow. However, only the negative correlation between blood flow and pH e was significant. In animals incubated at low [HCO 3 − ] w spMR or SMR were hardly related to pH e (Fig. 6g, h )-while the blood-flow pH e correlation had even turned positive (flow increased with increasing pH e ; Fig. 6i ). 
Discussion
This study aimed to explore the medium-term (4 weeks) effects of key parameters of seawater physicochemistry (pH, P(CO 2 ), [HCO 3 − ]) on energy demand, acid-base, and ion regulation of the shore crab C. maenas. Statistical analyses confirmed that the desired treatment conditions (especially P(CO 2 ) w and [HCO 3 − ] w ) were significantly different between the respective groups. We found that metabolic rates, spontaneous activity, blood flow, and intracellular energy reserves were differently affected or adjusted by the respective treatments. As a key finding, C. maenas was able to compensate for any changes in extra-and intracellular pH that may have occurred initially, under any experimental condition. Mortalities were low and similar across all groups and could be attributed to existing fractures of the exoskeleton. These observations indicate that C. maenas is highly resilient to the variable conditions of its intertidal to subtidal habitat. Intermittent flow respirometry at 8 °C found SMRs of ~ 12 nmol min −1 g −1 under control conditions, in line with earlier results obtained in unfed crabs at similar weight and temperature (7 °C; Robertson et al. 2002) . Maintenance or re-establishment of resting state during mediumterm exposure was also indicated by the observation that SMRs and cardiovascular activities in experimental groups were not significantly different from control values. In addition, almost constant factorial scopes in all treatments provide evidence for a parallel shift in the standard and spontaneous metabolic rates (Fig. 2b) . The largest difference between responses was found under OA versus OA + low [HCO 3 − ] w : crabs showed a 40% lower spontaneous activity under OA + low [HCO 3 − ] w , when compared to OA at control . These findings are corroborated by significantly depressed spMR, SMR, as well as absolute spontaneous scope and haemolymph flow rate under OA + low [HCO 3 − ] w (Figs. 2, 3e ). Together with a high PLA/P i ratio in tissues including muscle, these findings may reflect a relaxation effect in C. maenas induced by CO 2 , especially at − ] w , indicating reduced motor activity or relaxed muscle tone. Low blood flow in the arteria sternalis could also mirror low energy demand of the walking leg muscle (McGaw et al. 1994) . Limited crab movement during blood-flow measurements in the MRI scanner also argues for enhanced relaxation and reduced muscle tone under OA + low [HCO 3 − ] w . The fact that the two hypercapnic groups experience the lowest pH w (Table 1) , and show the largest difference in physiological responses, emphasizes the importance of divergent carbonate alkalinities (and thus [HCO 3 − ] w ). It seems unlikely that pH w alone causes the diverging metabolic responses between OA and OA + low [HCO 3 − ] w : the difference in pH w between these two groups was only 0.3 units, whereas between low [HCO 3 − ] w and OA + low [HCO 3 − ] w conditions, the difference was 0.7 units. SMR and blood-flow rates were similar in the two groups at reduced water bicarbonate levels, despite the larger pH w difference between these groups. We thus conclude that changes in water bicarbonate levels are key in modulating the effects of OA on the metabolic and other responses of C. maenas.
We could not detect differences in steady-state heart rates between any of the treatments. Possible effects of shifting environmental parameters may be hidden in the intermittent and variable activity of the heart in C. maenas (Cumberlidge and Uglow 1977) . For example, the measurements of blood flow and heart rate likely include phases of high (spMR) or low (SMR) metabolic activity (see Fig. 1 ). This might explain the large standard deviation of heart-and blood-flow rates over time especially under control conditions (Fig. 3e) . Unraveling any effects of water parameters on the duration, frequency and amplitude of phases of depressed heart rate would require continuous recordings of heart activity. At constant heart rate, the observed reduction in flow rates at low [HCO 3 − ] w should thus result from a reduction in stroke volume, in line with the observation that this parameter is Table 1 . The numbers of asterisks indicate significant differences to the control group at various levels of significance (ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001 − ] e and pH e . Symbols represent individuals of the groups. Spearman rank correlation tests revealed significant correlations between spMR and SMR (a; ρ = 0.493, P < 0.05, n = 22); spMR and blood flow (c; ρ = 0.518, P < 0.05, n = 19), blood flow and haemolymph [HCO 3 − ] (f; ρ = 0.497, P < 0.05, n = 18). The correlation between blood flow and pH e is only significant under control levels of water bicarbonate (i, open and closed circles; ρ = − 0.845, P < 0.001, n = 9). Correlations in b, d and e were not significant, g and h showed only a negative correlation between blood flow and pH e . Spearman's ρ is given in each panel. Lines are linear regressions for orientation only most plastic in crustaceans (Taylor 1982) . The mechanisms linking hypercapnia to cardiac function clearly require further investigations. Hypercapnia may constrain cardiac capacity and thereby lead to a reduction in oxygen uptake. In fact, haemolymph oxygen levels were lowered in crabs under P(CO 2 ) w = 3000 µatm (Walther et al. 2009 ).
Acid-base-, metabolic, and ionic regulation
Control values for pH i , pH e , P(CO 2 ) e, and [HCO 3 − ] e are in good agreement with published values (Truchot 1973 (Truchot , 1981 (Truchot , 1984 Wheatly and Henry 1992; Appelhans et al. 2012; Fehsenfeld and Weihrauch 2016) . Extracellular pH was fully compensated for through elevation of [HCO 3 − ] e , despite an increase of P(CO 2 ) e . Our finding of efficient pH regulation during prolonged exposure to hypercapnia is in line with findings in other crustaceans (P(CO 2 ) w = 10,000 µatm for M. magister, Pane and Barry 2007; P(CO 2 ) w = 2500 µatm for N. puber, Spicer et al. 2007 ; P(CO 2 ) w = 3500 µatm for C. maenas, Appelhans et al. 2012) .
Full pH compensation after 4 weeks was found even under reduced levels of bicarbonate in the water (Fig. 5) . Acid-base regulation after 4 weeks of incubation may in fact be more efficient than during acute exposure to altered seawater physicochemistry (e.g., Truchot 1984) and may reflect medium-term acclimation of compensatory mechanisms: neither moderate levels of hypercapnia, nor reduced [HCO 3 − ] w or pH w , nor combined exposures were found to induce an acidosis during medium-term exposure, indicating sufficiently high capacities of associated ion-exchange mechanisms in C. maenas. Nevertheless, animals still showed a 30% reduction in SMR and a 40% reduction in spMR after 4 weeks of exposure, despite full compensation of any transient changes in pH e (and pH i ; Figs. 2, 4) . Previous studies have indicated a role for reduced pH e values in the onset of metabolic depression in a lower invertebrate (Reipschläger and Pörtner 1996; Pörtner et al. 1998 ). In our study, at unchanged pH e values in all groups, the drop in metabolic rate may rather be attributed to the water carbonate system, potentially mediating its own, previously unreported effect on metabolic regulation of the shore crab.
At constant pH e and elevated P(CO 2 ) e , an increase of [HCO 3 − ] e would occur as part of the compensation process, resulting from both, a potential uptake of bicarbonate from the seawater through Cl − /HCO 3 − exchange or metabolic bicarbonate formation due to the release of protons or acid equivalents to the seawater (such as NH 4 + ; Fehsenfeld and Weihrauch 2013). Proton equivalent ion exchange may help elevate [HCO 3 − ] e well above the non-bicarbonate buffer line (Fig. 5; Fehsenfeld and Weihrauch 2013) . Reducing [HCO 3 − ] w will likely affect ion gradients and membrane potentials over apical membranes. Fehsenfeld and Weihrauch suggested that acid-base regulation mechanisms are flexible to compensate for variable sea-or brackish water alkalinity, e.g., through enhanced ammonium excretion (see Fehsenfeld and Weihrauch 2016a for a detailed description).
All treatments with acidified seawater led to increased cation concentrations in the haemolymph, involving significant increases in [Mg 2+ ] and [Na + ] above control values, comparable to findings in the Dungeness crab M. magister (Hans et al. 2014) and velvet crab N. puber (Spicer et al. 2007; Small et al. 2010 (Hammer et al. 2012; Hans et al. 2014) . However, this is far beyond the scope of this study and needs further confirmation. The increase in extracellular SID observed in all treatments with altered seawater physicochemistry might thus reflect the successful compensation of the extracellular acidosis (Stewart 1978; Fencl and Leith 1993) .
Feedback of seawater variables on metabolic rate and scope
Inter-individual variability, enhanced by a consistent effect of experimental conditions, is indicated by the significant correlation of metabolic rates (SMR, spMR; Fig. 6a ), leading to invariable factorial aerobic scopes at variable absolute aerobic scopes (Fig. 2b) . Since blood flow in the sternal artery is strongly correlated with spMR and less with SMR, we conclude, that cardiovascular activity parallels excess energy demand during phases of spontaneous activity (Fig. 6b, c) . At the same time, high SMR and bloodflow support elevated spMR. Blood flow usually parallels the energy demand of tissues especially during spontaneous activity (Hamann et al. 2005) , indicating that the energy demand of leg muscles may be lower under OA + low [HCO 3 − ] w than under OA alone (see above). As a note of precaution, blood flow through the arteria sternalis does not necessarily mirror flow through the gills (Bock et al. 2001a ), which could change independently to match altered energy demand of branchial ion-exchange processes, as shown, e.g., under salinity changes (Welcomme and Devos 1991; Kotlyar et al. 2000) .
Further correlations are more obscure (Fig. 6d-i) . The significant positive correlation between blood flow in the arteria sternalis and haemolymph [HCO 3 − ] (Fig. 6f ) would indicate that high haemolymph [HCO 3 − ] in response to OA supports a stimulation of spontaneous metabolic rate (Fig. 2a) . However, haemolymph [HCO 3 − ] is not correlated with metabolic rates (Fig. 6d, e) , as discussed above, pointing to water bicarbonate as the crucial difference. Responses to OA may thus become constrained by low [HCO 3 − ] w (triangles in Fig. 6c) . pH e varied slightly with haemolymph bicarbonate (Fig. 5 ) and the correlation of pH e with metabolic rates was less expressed between experimental groups (Fig. 6g, h ). The strongest correlation here again was seen between pH e and blood flow. The negative slope of this relationship (Fig. 6i) was lost or reversed into the opposite direction (Fig. 6i) at reduced water bicarbonate levels. Beyond direct feedbacks of pH e on metabolic rate as reported in S. nudus or M. edulis (Michaelidis et al. 2005) , more complex relationships may involve a role for water bicarbonate levels under OA causing a shift in energy budget of the shore crab.
Finally, the complex relations between the physiological parameters investigated make a differentiated picture of the influence of seawater parameters on metabolic rate difficult. Further detailed studies of the responses of specific ion-exchange processes to different water acid-base conditions may help to unravel how the apparent capacities of acid-base regulation in C. maenas (cf. Fehsenfeld and Weihrauch 2016) influence metabolic rate and scope. While the energy demand of branchial ion exchangers such as Na + / K + -ATPase and V-type ATPase under OA has been studied in deep-sea crabs Xenograpsus testudinatus , similar measurements in intertidal C. maenas could shed more light on the energetic implications of changes in water bicarbonate levels at the whole-animal level. Here, the potential presence of mechanisms sensing water carbonate chemistry, as suggested for crayfish (Larimer 1964) , could be of interest.
Conclusion and perspectives
After 1 month of exposure, C. maenas was found to tolerate OA beyond projected end-century conditions. At high ambient P(CO 2 ), elevated blood P(CO 2 ) was balanced by an increase of [HCO 3 − ] e , irrespective of seawater bicarbonate concentrations and supporting full compensation of pH e and pH i . These patterns may reflect long-term acclimation in acid-base regulation. However, despite constant pH e and pH i , whole-animal metabolic rates and blood-flow rates showed some variability. The reduction in metabolic scope and increased ratios of cellular PLA over inorganic phosphate levels at OA combined with low [HCO 3 − ] w demonstrate energetic savings under fully aerobic conditions. Metabolic rates and blood-flow rates showed different correlations with pH e at different water bicarbonate concentrations, which is a new observation. The mechanisms behind remain obscure but should be considered in future studies of the physiological responses of crustaceans to ocean acidification, under variable combinations of water P(CO 2 ), [HCO 3 − ] and pH.
